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ABSTRACT
We investigate the dynamics of microscopic flow vortices. We create flow vortices by rotation of birefringent
particles in optical tweezers. We then use either highly sensitive drag force measurements or video tracking to
map the fluid velocity around that particle. We find that we can measure fluid velocities very accurately in the
range of 3 to 2,000µm/s. The results obtained from these different methods are compared. Velocity profiles
obtained for water agree very well with theoretical predictions. In contrast, we find a strong deviation of velocity
profiles in a complex fluid from those predicted by simple theory.
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1. INTRODUCTION
Liquids in biological systems often possess viscoelastic properties. This means that upon application of stress,
energy is not only dissipated but can also be stored. The underlying cause for energy storage are mostly the
elastic properties of large molecules in the fluid. Biological functionality often relies on the viscoelasticity, as it
can be seen in blood or the fluid of joints. The same is valid for biological cells where functional processes like
signalling or locomotion often depend on extracellular stress1 or shear2 and cause changes in the local viscoelastic
properties. To understand the interaction between complex fluids and particles is therefore of great importance
as it has the potential to give a deeper insight into the way biological systems function.
Experimental access to viscoelastic properties is often limited by the small amount of sample material which
is available (e.g. in medical applications) or by the unfeasibility of bulk experiments like in cellular systems.
The field of microrheology pursues the characterization of microscopic volumes of liquid. Recent advances
have been made both in experiment and theory in using the Brownian motion of a tracer particle to access
viscoelasticity.3, 4 Both the storage modulus, G′(ω), and loss modulus, G′′(ω), are extracted from the time
dependent mean square displacement < ∆r2(t) >. Several techniques have been applied to measure < ∆r2(t) >:
dynamic light scattering,5 video particle tracking6 and laser deflection.7, 8 Rotational Brownian motion of a
wax microdisk was detected by light streak tracking and used to measure the viscoelasticity moduli of aqueous
Polyethylene Oxide (PEO) solution.9
Since the motion of a single tracer particle is mainly affected by its local environment, these measurements may
not reflect the bulk viscoelastic properties of the complex fluid. Complex fluids often induce local inhomogeneities
of the size of the polymer correlation length (of order of 10−7 m) like depletion layers which change the local
viscosity. By using two tracer particles and monitoring the correlated motion, the bulk viscoelastic properties
and information on the local inhomogeneities can be obtained. Video microscopy with a bandwidth of 60Hz4, 10
and optical tweezers with a 20 kHz bandwidth11 were used for these experiments.
All the above experiments rely on the passive motion of tracer particles. Although they can measure the
frequency dependence of viscoelasticity, they lack the ability to access its stress dependence. The application
of stress can change the molecular orientation and elongation leading to non-linear effects like shear thinning,
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which can be essential for biological functionality. It has been shown that controlled stress can be applied on a
microscopic scale by using a laser tweezers to rotate a microscopic particle.12 The limitation remains that local
inhomogeneities cannot be recognized and may alter the result of a viscosity measurement.
Our aim is to investigate the interaction between a microscopic particle and its surrounding medium. The
particle is rotated by application of optical torque and the coupling between particle and fluid investigated. We
use dual beam optical tweezers to characterize the fluid velocity field caused by the rotating particle. We apply
shear rates of up to 500 s−1 and find that in water, the no slip condition at the particle surface is fulfilled. We
then repeat these measurements in a complex fluid and derive a model for the observed velocity profiles.
2. EXPERIMENTAL METHOD
Flow Field Generation
We create and probe microscopic fluid vortices with dual beam optical tweezers. One trap is used to create
the fluid stress field by levitation and rotation of a micron sized particle. Birefringent vaterite crystals in sizes
between 1 and 10µm are produced by precipitation from an aqueous solution.12 Due to the birefringence,
they act as microscopic waveplates on incident light. The change in polarization is accompanied by a change in
angular momentum which is transferred to the particle causing it to rotate. The rotation speed can be controlled
by either changing the ellipticity of the beam polarization or the incident laser power. The torque exerted on
the particle by the focussed laser beam is opposed by the drag torque of the surrounding fluid which depends
on the fluid viscosity. Rotation rates of up to 400Hz are achieved with 2µm vaterite crystals and few hundred
mW of laser power.
One advantage of this method is that the hydrodynamic problem of a free rotating sphere can be solved
analytically. We solve the problem for an incompressible Newtonian fluid and later identify deviations from that
model in complex fluids. An incompressible flow can generally be described by the Navier-Stokes equation
ρ
(
δv
δt
+ (v · ∇)v
)
= −∇p + η∇2v + ρF (1)
where v is the velocity, ρ the in this case constant density, p the pressure and η the dynamic viscosity.
The body force F in our case is zero, and we only observe steady flows and therefore δv/δt = 0. Due to the
microscopic size of the system, the Reynolds number is very low (< 10−3) meaning that viscous forces outweigh
inertia forces by far and the system is overdamped. These simplifications lead to the the homogenous Stokes
equation
η∇2v = ∇p. (2)
A homogeneous particular solution of this problem in spherical coordinates is Lamb’s general solution.13
Matching of the boundary conditions and assuming no slip at the particle surface leads to the solution
v = ωez×x a
3
|x|3 . (3)
for a sphere of radius a rotating at angular frequency ω. The direction of flow is always perpendicular to
the plane containing the z-axis (unit vector ez) and the coordinate vector x. The fluid velocity in the equatorial
plane is proportional to the reciprocal square of the distance from the sphere center. The drag torque is given by
τz = −8πηa3ω and does, in contrast to the velocity field in a homogeneous fluid, depend on the fluid viscosity.
We measure particle radius and rotation frequency and obtain hereby a prediction of the velocity profile. We
then map out the velocity profile and compare it to our expectation. This allows us to identify any differences
in behavior to the assumptions we made previously. These were a) the fluid is homogeneous, b) the viscosity is
constant c) no slip occurs at the particle surface.
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Figure 1. The dual optical tweezers are based on a fibre coupled Nd:YAG laser. Its output is expanded and split into
two beams (C1), each individually steerable with a gimbal mounted mirror (M1 and M2). A half wave plate in one arm
and recombination by a 70/30 non polarizing beamsplitter (C2) allows independent polarization control at the expense of
laser power. A detection laser (HeNe) and quadrant photodetector (QPD) are used to monitor probe particle deflection.
The vaterite rotation frequency is measured by a linear polarizer and photodetector (PD).
Measurement Principle
We probe the flow by two methods, both employing 1µm polystyrene probe particles (Polysciences Inc.) and
dual beam optical tweezers. Trap one holds and rotates the vaterite particle to create the flow field whereas
trap two holds the probe particle. The dual traps are created by splitting the beam of a fibre coupled Nd:YAG
laser (Coherent Adlas DPY 501) into two beams, recombining them and focusing them to a diffraction limited
spot by a high numerical aperture objective (Olympus, N.A.=1.3). As seen in Fig. 1, the beam is split with
the polarizing beam splitting cube C1. A half wave plate allows to control the power in each trap. The gimbal
mounted mirrors M1 and M2 together with imaging optics allow an independent position control of both traps
without changing the overfilling of the objective.14 The beams are recombined using the beam splitting cube
C2. After passing through a quarter wave plate, both beams are circularly polarized. Beam one experiences a
further change in polarization to elliptical due to the vaterite particle in the trap. The rotation of the vaterite
causes the polarization ellipse to rotate at the same frequency. We use a linear polarizer and a photodetector
after the condenser to detect the linear polarization component of the trapping beam which is modulated at
twice the vaterite rotation frequency. This rotation frequency measurement is performed in all of the subsequent
experiments. Two methods are applied to measure the fluid velocities.
Method 1
Method 1 measures the fluid velocity by monitoring the probe particle displacement in the trap due to viscous
drag. By decreasing the power in trap 2, the stiffness is adjusted so that the applied drag causes sufficient
displacement of the probe in the trap. The displacement is detected with a separate detection laser (HeNe). It
is coupled into the system by a dichroic mirror and its beam waist is positioned into the center of the probe
particle. Any motion of the probe particle deflects the beam which is registered with a quadrant photodetector
(QPD) behind the condenser.
Before each experiment, the QPD signal is calibrated by movement of a piezo stage with known velocity.
A triangular waveform with correction for hysteresis is used. The resulting signal is depicted in Fig. 2. The
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Figure 2. Left: Signal for the calibration of the QPD output. The signal is obtained by driving the piezo controlled
microscope stage with a triangular waveform which generates a drag force on the probe particle with a square wave profile.
The applied drag displaces the particle and deflects the detection laser beam which is registered with the QPD. This signal
was obtained for a velocity of 204µm/s in water. Right: Position signal of the probe particle during a experiment using
method one. The particle displacement due to the drag of the fluid vortice created by the rotating vaterite can be clearly
distinguished from the Brownian motion background. The sensitivity of this method can be tuned by changing the trap
stiffness in the probe particle trap.
advantage of this calibration is that the signal can directly be attributed to a certain fluid velocity, even tough
the viscosity and the trap stiffness are unknown. It is also not affected by inhomogeneities around the probe
particle as they would contribute exactly the same way during calibration and measurement.
By decreasing the trap stiffness, the sensitivity can be increased to measure fluid speeds down to 50µm/s
(corresponding to 450 fN for 1µm probe in water). The maximum velocity that can be measured is only limited
by the available laser power. The measurement of a velocity field starts by selecting the correct trap strength
for the probe and the desired vaterite rotation frequency. The distance between probe and vaterite is varied
between 1 and 15µm. QPD signal and rotation signal are simultaneous sampled at 2000 kHz for 5 seconds. Fig.
2 shows the position signal of a probe particle 3.2µm from a vaterite of diameter 2.6µm rotating at 25Hz.
Method 2
The second method uses the dual trap to bring the probe particle in trap 2 to the desired distance from the
rotating vaterite particle in trap 1. Trap 2 is then switched off. The low Reynolds number causes the probe
particle to move almost instantaneously with the velocity of the sourrounding liquid. The negligible inertial
Figure 3. Time lapse of a probe particle in the velocity field of a rotating vaterite crystal. The rotation rate is 40Hz, time
between frames is 0.45 s. The contrast was enhanced for demonstration purposes by closing the condenser diaphragm,
leading to the decreased resolution and diffraction rings.
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Figure 4. Left: Signal obtained from the forward scattered trapping light from a vaterite particle after linear polarization.
The transmitted trapping beam is elliptically polarized, and the polarization ellipse is rotating congruently to the vaterite
particle. The intensity after linear polarization therefore oscillates at twice the vaterite rotation frequency. Right: Vaterite
rotation frequency as a function to of the distance of the probe particle in trap 2. The approach of the probe does not
change the rotation frequency, which means that the flow is not disturbed by the probe. The fluctuations that are visible
are caused by the manual alignment of the quarter waveplate for circular polarization before each run.
forces let the particle move on a stable orbit around the vaterite. It can encircle the vaterite for up to 6 times
without a noticeable change in its vertical (z) position (Fig. 3). The probe explores the flow at various distances
from the vaterite due to radial diffusion.
The motion of the probe in the flow field is tracked by video microscopy at a framerate of 25 frames/s. As
in method 1, the vaterite rotation signal is recorded simultaneously. The advantage of this method is that the
lowest observable velocities are only limited by the diffusion of the probe particle. Fluid velocities between 1
and 80µm/s were evaluated. On the downside, the probe particle has to be trapped again after each run which
is avoided in method 1.
3. EXPERIMENTAL RESULTS
Velocity Field in Water
The first measurements were carried out in water to compare both methods and to investigate the coupling
between the vaterite particle and the medium. Vaterite and probe particles were suspended in water and velocity
field measurements carried out using both methods and the appropriate rotation speeds.
For method 1, a rotation frequency of 25Hz was selected to create sufficient drag on the probe particle. The
fluid velocity was measured at various distances from the rotating vaterite (Fig. 5 left). The figure shows the
frequency normalized velocities to account for changes in the rotation frequency which are due to a manual
adjustment of the beam polarization (see also Fig. 4). The analytically obtained function for the velocity profile
(Eq. 3) is fitted to the measured data. It agrees very well with the model curve which is obtained from measuring
the vaterite particle diameter (here d = 5.2µm) and rotation frequency.
Similar experiments were performed using video microscopy and particle tracking (method 2). A lower
vaterite rotation frequency of 13.4Hz was selected as this method allows the detection of lower velocities and
has reduced bandwidth. The obtained data was again fitted using Eq. 3. The model curve for the particle with
d = 3.66µm and the curve fit exhibit a similar good agreement.
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Figure 5. Left: Fluid velocity profile of the flow surrounding a vaterite particle (diameter d = 5.2µm) rotating at 25.2Hz.
The profile was measured by detecting the displacement of a d = 1µm probe particle with laser deflection due to the
applied viscous drag from the flow (method 1). This method yields best signal to noise ratios for high fluid velocities.
Right: Fluid velocity profile in proximity of a 3.6µm diameter vaterite particle rotating at 13.4Hz. The probe particle
was brought into a specified distance from the vaterite and allowed to move freely with the flow. Particle tracking by
video microscopy allowed the determination of the fluid velocities (method 2). This method is suitable to determine even
the lowest velocities accurately.
Velocity Field in a Complex Fluid
To test our method in a non-Newtonian environment, we measured velocity profiles in hyaluronic acid (HA). HA
is a linear anionic polysaccharide which naturally occurs, and extended HA molecules can reach 10µm in length.
We prepared a solution of 1.5 g/l rooster comb HA with an average molecular weight of 1.5 · 106 Da. We added
vaterite and probe particles to the solution. The rotation rate of the vaterite is highly reduced at comparable
laser powers due to the higher viscosity of HA solutions.15 We used method 2 to measure the velocity profile in
HA as it is advantageous at low velocities.
The measurements were performed using a vaterite particle with a diameter of d = 3.54µm rotating at a
frequency of f = 3.3Hz. The velocity profiles we obtain from the 1.5 g/l HA solution can again be be fitted using
Eq. 3. Although the measured profile still exhibits a r−2 dependence, it no longer coincides with the model
curve. On average, the measured fluid velocities lie 24% below the model (Fig. 6). This could be repeatedly
shown in a number of experiments.
4. DISCUSSION
Both of the above methods for the measurement of fluid velocity fields yield excellent agreement between theo-
retical expectation and the measured profile. As both methods are fundamentally different yet lead to the same
result, we conclude that they are valid techniques for the measurement of micron sized flow fields.
In method one, the flow field may be disturbed by the probe particle which is stationary. This disturbance
could potentially decrease the velocity of the flow surrounding the vaterite. This would lead to an increased
resistance felt by the vaterite when the probe particle is brought in close. This was not observed as it can be
seen from the vaterite rotation frequency which is constant for all probe distances. This may be largely due to
the small Reynolds number of the system and the small size of the probe compared to the circumference of the
flow streamline at each position. In contrast, the probe particle in method 2 does not pose any resistance to the
flow, as it moves freely. That both techniques still give the same result also points to a negligible disturbance
by the probe in method 1.
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Figure 6. Fluid velocity profile of a d = 3.54µm vaterite particle rotating in 1.5 g/l hyaluronic acid (HA). The rotation
frequency f = 3.3Hz of the vaterite is much lower than in water due to the higher viscosity. Video tracking was used to
measure the fluid velocities. The measured profile deviates by 27% from the profile expected from vaterite particle size
and rotation frequency due to local inhomogeneities in the viscoelastic fluid.
The influence of the optical trap holding the vaterite on the probe particle was also investigated. The probe
is usually far enough away to experience any effects. If forces are nevertheless exerted, they are perpendicular
to the flow and therefore do not interfere with a fluid velocity measurement.
Furthermore, the agreement between model curve and measurement in both methods when used for water
shows Newtonian behavior at the microscopic scale. The coupling between medium and vaterite particle does
fulfill the no slip boundary condition. The highest shear rates we observed so far were 300 s−1. Higher shear
rates (>3000−1), at which slip has been reported,16 can be accessed with more laser power.
The velocity profiles obtained from an aqueous solution of hyaluronic acid do exhibit a different behavior.
The deviation of the velocity profiles from theoretical predictions can be explained by two different mechanisms.
At high shear rates, solutions of high molecular weight polymers can show shear thinning. Due to the high shear
between adjacent fluid layer, the molecules align with the flow, which leads to decreased resistance and a decrease
in viscosity. If the vaterite particle is rotating at high speeds, a layer with reduced viscosity due to shear thinning
could form close to the particle surface. This would lead to a reduced drag and higher than expected rotation
rate of the particle. On the other hand, the fluid velocity further away from the particle would be decreased.
This effect would mainly occur in the equatorial plane where shear rates are high.
The second effect which has previously been observed is the formation of a depletion layer.4, 11 Due to
interaction with the vaterite particle, the concentration of HA molecules may be depleted in a region typically in
the order of 100 nm.17 Again, this effect would lead to a highly reduced viscosity in the fluid layer surrounding
the vaterite particle, with similar impact on rotation speed and fluid velocity. The velocity profile would show a
sharp drop within the depletion layer.
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